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Abstract: Arterial spin labeling (ASL) permits the noninvasive measurement of quantitative values of
cerebral blood flow (CBF) and is thus well adapted to study inter- and intrasubject perfusion varia-
tions whether at rest or during an fMRI task. In this study, a template approach to detect brain acti-
vation as a CBF difference between resting and activated groups was compared with a standard
generalized linear model (GLM) analysis. A basal perfusion template of PICORE-Q2TIPS ASL images
acquired at 3T from a group of 25 healthy subjects (mean age 31.6 � 8.3 years) was created. The sec-
ond group of 12 healthy subjects (mean age 28.6 � 2.7 years) performed a block-design motor task.
The template was compared with the mean activated image of the second group both at the individ-
ual and at the group level to extract activation maps. The results obtained using a GLM analysis of
the whole sequence was used as ground truth for comparison. The influences of spatial normaliza-
tion using DARTEL registration and of correction of partial volume effects (PVE) in the construction
of the template were assessed. Results showed that a basal perfusion template can detect activation-
related hyperperfusion in motor areas. The true positive ratio was increased by 2.5% using PVE-
correction and by 3.2% using PVE-correction with DARTEL registration. On average, the group
comparison presented a 2.2% higher true positive ratio than the one-to-many comparison. Hum Brain
Mapp 35:1179–1189, 2014. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Arterial spin labeling (ASL) is a completely noninvasive
MRI method that measures brain perfusion by magneti-
cally labeling blood in brain-feeding arteries [Detre et al.,
1992; Parkes and Detre, 2004]. The main advantage of ASL
is its ability to obtain quantitative values of cerebral blood
flow (CBF) without using contrast agent or ionizing radia-
tion. The reproducibility of CBF quantification makes ASL
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a promising method for diagnosis based on inter- and
intra-subject perfusion comparison [Chen et al., 2011;
Petersen et al., 2010; Wang et al., 2011]. The main draw-
back of ASL is its low signal-to-noise ratio (SNR) and poor
spatial resolution, ranging between 3 � 3 mm2 and 4 � 4
mm2 per pixel in-plane and 5 and 8 mm slice thickness. A
useful way of overcoming the SNR limitation is to imple-
ment ASL at high-field strength, and to use multi-channel
coils, parallel acquisition techniques and dedicated soft-
ware processing [Ferré et al., 2012; Wang et al., 2005]. Ap-
plicable also for task-related functional imaging, functional
ASL (fASL) is potentially a more direct marker of neuronal
activity than standard BOLD functional MRI [Jin and Kim,
2008; Obata et al., 2004; Raoult et al., 2011]. Several studies
have assessed the reproducibility and reliability of ASL-
based quantitative results, with the aim to determine char-
acteristic perfusion values of brain regions [Floyd et al.,
2003; Lee et al., 2009; Wang et al., 2011]. At 1.5T, the ran-
dom noise affects the reproducibility of measurements
more than within-subject variability [Jahng et al., 2005]
while, at the 3T, the SNR is significantly improved.
Petersen et al. [2010] recently published a broad multicen-
ter study on the reproducibility of quantitative ASL at 3T
with 284 subjects. The mean gray matter CBF was reported
to be 47.4 � 7.5 ml/100 g/min with a within-subject stand-
ard deviation over two sessions (3- to 10-days apart) of 5.3
ml/100 g/min. The basal CBF varies substantially, not
only between subjects and sessions, but also between brain
regions, as does the label arrival time [Gallichan and Jez-
zard, 2008, 2009]. However, the normalized regional perfu-
sion is highly reliable when measured on separate days
[Pfefferbaum et al., 2010] and the relative distribution of
CBF in various parts of the brain at rest is consistent and
reproducible [Petersen et al., 2010; Wang et al., 2011].
Functional ASL studies have shown a high activation-
related signal increase during motor and visual tasks. A
signal increase of 57.3% � 5.8% [Raoult et al., 2011] and
39.5% � 6.9% [Tjandra et al., 2005] for motor tasks and
72.9% � 28.8% [Leontiev and Buxton, 2007] for visual
tasks was reported. ASL was proven to detect signal
changes during a visual-motor task with a very low task
frequency [Borogovac et al., 2010]. This was demonstrated
on a block-design experiment with two sessions 30 days
apart. The activated region obtained using the OFF phase
from the first session and the ON phase from the later ses-
sion and vice-versa had size comparable to the regions
detected from individual sessions [Borogovac et al., 2010].
It was also shown that normalized CBF values can be used
to identify regions of the brain involved in visual tasks by
comparing two groups of healthy subjects with and with-
out visual stimulus [Aslan and Lu, 2010]. The aim of this
study is to further analyze the possibility to use baseline
CBF group comparison to detect motor-task activation, to
compare the results with a standard fMRI block-design
experiment and thus to see potential limitations of using
only the ON phase. Contrary to Aslan and Lu, a larger
control group is used and individual subject to group

comparison is performed as would be the preferred mode
to study individual subject pathologies. Such a ‘‘template
approach’’ is commonly used in nuclear medicine to detect
focal variations of a quantitative parameter obtained for
one patient by comparing it to the ‘‘mean image’’ of sev-
eral subjects [Morbelli et al., 2008]. Also, the results were
compared with the results of a standard block-design
fMRI experiment. Besides, means to improve the quality of
detections were also investigated. Indeed, before construct-
ing a template, the perfusion data needs to be spatially
normalized. The standard spatial normalization to MNI
template provides suboptimal results and we therefore
tested if an alternate spatial normalization such as DAR-
TEL [Ashburner, 2007] could improve activation detection.
Yet, the spatial resolution of ASL is relatively low and
most pixels contain both GM and WM tissue. Thus, given
that the ASL signal mainly comes from the GM tissue, the
signal intensity in ASL images depends on the volume ra-
tio of GM and WM tissues in each pixel. The GM-to-WM
perfusion ratio was reported to be on average three in
adults and almost four in children [Biagi et al., 2007]. Asl-
lani et al. [2009] measured the WM perfusion to be 3.5
times smaller than the GM perfusion in elderly subject
and 3.9 times smaller in young population. Therefore, par-
tial volume effects (PVE) can significantly affect the CBF.
Partial volume correction algorithm was first introduced to
ASL by Asllani et al. [2008a] and was shown to improve
the detection of visual-motor task by Borogovac et al.
[2010]. Four different approaches were tested and com-
pared, using spatial normalization to MNI and DARTEL,
with and without PVE correction. To illustrate its potential
clinical usefulness, the method was then used to detect hy-
poperfusion in a single epileptic patient presenting a tem-
poral dysplasia. To summarize, the main contributions of
the paper are the following: the CBF template is con-
structed using DARTEL registration and PVE-correction,
hyperperfused regions in motor-related tasks are detected
using the template at the individual and at the group level
and the results are compared with the results of a stand-
ard GLM analysis of block-design ASL experiment.

MATERIALS AND METHODS

Study Design

Thirty-seven healthy volunteers gave written informed
consent to be enrolled in the study. The subjects were di-
vided into two groups. Twenty-five subjects were included
in the first group (control) (14 women and 11 men, mean
age 31.6 � 8.3 years) for the evaluation of basal perfusion.
The second group (functional) consisted of 12 subjects (7
women and 5 men, mean age 28.6 � 2.7 years) for motor
activation-related perfusion evaluation. All the subjects in
the second group were strongly right-handed (mean 92.5%
according to the ‘‘Edinburgh Handedness Inventory’’ [Old-
field, 1971]).
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Imaging Protocol

MR imaging was performed on a 3T MRI scanner
(Magnetom Verio, Siemens, Erlangen, Germany) with a
32-channel head coil. Anatomical high resolution 3D
MPRAGE T1-weighted images were obtained for all sub-
jects with the following parameters: field-of-view (FOV)
256 � 256 mm2, acquisition matrix 256 � 256, 160 sagit-
tal slabs, voxel size 1 � 1 � 1 mm3, TR/TE/TI 1900/
2.98/900 ms, flip angle 9� and acquisition time 4 min
26 s.

Rest perfusion images of control group were acquired
using ‘‘quantitative imaging of perfusion with a single
subtraction, with thin-slice TI1 periodic saturation’’
(Q2TIPS) with a ‘‘proximal inversion with a control for off-
resonance effects’’ (PICORE) labeling technique [Luh et al.,
1999; Wong et al., 1997]. The nine slices were acquired
with a 7-mm slice thickness and an inter-slice gap of 0.7
mm. The slices were acquired in the AC-PC plane with
the third slice passing through the AC-PC plane. The 100-
mm thick PICORE labeling slab was positioned 29.5 mm
below the lowest imaged slice. Sixty-one control and la-
beled images were acquired on each subject. A Q2TIPS sat-
uration pulse (700 ms onset time and 800 ms duration)
was used to delineate label duration and reduce the sensi-
tivity of quantification to variations in blood arrival time
in the brain [Luh et al., 1999; Wong et al., 1998]. The inver-
sion time (TI) between the labeling pulse and the begin-
ning of the readout was 1,700 ms for all subjects (values
1,500 and 1,800 ms that are used for similar PASL fMRI
experiments [Ances et al., 2008; Perthen et al., 2008; Raoult
et al., 2011; Wang et al., 2011]). A flow-sensitive bipolar
crusher gradient (4 cm s�1) was applied to reduce the sig-
nal from the fast-moving arterial protons [Ye et al., 1997]
immediately prior to image readout. An EPI readout
scheme sequence with the following parameters was used:
FOV 192 � 192 mm2, acquisition matrix 64 � 64, in-plane
resolution 3 � 3 mm2, TR/TE 3000/25 ms, and flip angle
90�. The acquisition time was 3 min 6 s.

Functional PICORE Q2TIPS ASL images were acquired,
using a motor paradigm, for all subjects in the functional
group. The sequence parameters were similar to the ones
of the control group except for the number of slices (8)
and TE (18 ms). The slices were acquired in the AC-PC
plane with a 60.9 mm supratentorial coverage volume
thickness. The acquisition lasted 7 min 12 s for 143 control
and labeled images. The functional paradigm used a block
design with seven alternating 30 s-phases (10 control and
labeled images) of rest and a right-hand flexion-extension
motor task of the dominant hand at approximately 1 Hz
frequency. The first 3 images were used for signal stabili-
zation and were discarded in the processing. Therefore,
each rest and action phase started with a control image. It
should be noted that, due to the different Z positioning of
the subjects from the control and functional groups in the
MR scanner, the thickness covered by both groups was
around 25 mm in the Z-direction.

Template Construction

The following workflow was used for template construc-
tion from the control group images:

1. The ASL images were corrected for motion, noise
and signal inhomogeneity. The ASL images were co-
registered with the segmented T1-weighted images;

2. The CBF in each voxel was quantified [Buxton et al.,
1998];

3. Partial volume correction was applied [Asllani et al.,
2008a];

4. The perfusion maps were spatially normalized to the
MNI template or subsequently by DARTEL registra-
tion [Ashburner, 2007];

5. Intensity normalization was performed to compensate
for mean inter-subject and inter-session perfusion
variations;

6. The templates were constructed.

Preprocessing

All image preprocessing steps were performed using
MATLAB (MathWorks, Natick, MA) and the SPM8 tool-
box. First, unintentional subject movements during ASL
acquisition were compensated for by motion correction of
the control and labeled images using six-parameter 3D
rigid registration with a sum-of-squares-difference cost
function. All control and labeled images were aligned with
the first control image. The T1-weighted images were fil-
tered using the NL-means algorithm to remove noise
[Coupé et al., 2008]. The mean ASL control image was
then coregistered with the T1-weighted image of the same
subject using 3D rigid-body registration with a normalized
mutual-information cost function and NEWUOA optimiza-
tion [Wiest-Daesslé et al., 2007]. The inhomogeneity bias in
the T1-weighted images was corrected and the images
were segmented into gray matter (GM), white matter
(WM) and cerebrospinal fluid (CSF) classes using the
SPM8 toolbox [Ashburner and Friston, 2005]. The tissue
probability template ICBM-152 [Mazziotta et al., 1995] was
used as prior information for tissue classification. The GM
and WM partial-volume percentages for each pixel of the
low-resolution ASL images were calculated using this
high-resolution segmentation projected, using the ASL/
T1-w coregistration, on the ASL image.

Perfusion Quantification

Accurate perfusion quantification relies on precise
knowledge of the equilibrium magnetization of the arterial
blood. However, the latter is difficult to estimate because
the standard spatial resolution is too low to image an ar-
tery without any partial volume effects. In this study, the
blood magnetization was estimated by dividing the first
control image values MT0 with the blood brain partition
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coefficient k in each pixel [Cavusoglu et al., 2009]. A
standard kinetic model [Buxton et al., 1998] was then used
for quantification. The values of CBF in ml/100 g/min
were given by:

CBF ¼ k DM expðTI=T1aÞ=ð2aMT0TIwÞ; (1)

where k 0.98 ml g21, a is the inversion efficiency (esti-
mated to 1 for PASL [Wong, 2005]), DM is the measured
mean control-label subtraction in each pixel, T1a is the T1

relaxation time of blood (T1a 1,664 ms), TIw is the tempo-
ral width of the bolus (TIw 700 ms), and TI is the inver-
sion time (TI 1,700 ms).

Partial Volume Correction

The signal intensity in ASL images depends on the vol-
ume ratio of GM, WM, and CSF tissues in each pixel and
can be significantly affected by partial volume effects
(PVE). We therefore chose to use the T1-weighted images
and their GM/WM/CSF segmentation to better delineate
the boundary between GM and WM regions in the perfu-
sion images and consequently reduce interpolation errors
during spatial normalization of the images.

The ratio of GM, WM, and CSF perfusion was estimated
in each pixel (see following section). The measured value
of perfusion DM(r) in pixel r was assumed to be equal to
[Asllani et al., 2008a]:

DMðrÞ ¼ PGMðrÞ DMGMðrÞ þ PWMðrÞ DMWMðrÞ þ PCSFðrÞ DMCSFðrÞ;
(2)

where PGM, PWM, and PCSF are volume fractions of GM,
WM, and CSF in each voxel; and DMGM(r), DMWM(r), and
DMCSF(r) are the values of tissue-specific perfusion. The
tissue perfusion DMGM(r), DMWM(r), and DMCSF(r) was
assumed to be constant in a 3 3 3 3 1 voxel-neighborhood
in the native ASL space (voxel size 3 3 3 3 7 mm3). The
perfusion values in each pixel were obtained by solving a
system of nine linear equations in the least-square sense
[Asllani et al., 2008a]. The separate GM/WM/CSF perfu-
sion values DMGM, DMWM, and DMCSF were then
upsampled to the T1-weighted image space and superim-
posed over the high-resolution GM, WM, and CSF seg-
mentation maps [see Eq. (2)].

Spatial Normalization

The ASL images need to be spatially normalized to
allow for voxel-by-voxel inter-subject comparison of perfu-
sion values. Because the resolution of the ASL images is
low, it is more accurate to align the perfusion images of
different subjects via their high-resolution T1-weighted
images. Two targets were compared for normalization, a
MNI305 template and a DARTEL-based template. The

GM/WM segmentation of each T1-weighted image was
coregistered to the MNI305 template [Evans et al., 1993].
The DARTEL registration method was chosen for its con-
venient and public-available implementation [Ashburner,
2007]. The DARTEL algorithm takes all the segmented T1-
weighted images normalized to the MNI305 template and
realigns them to their mean GM/WM image. The GM/
WM template is iteratively recreated and all the images
are realigned. The joint ASL/T1-w and T1-w/MNI305 tem-
plate transformation was used to spatially normalize all
the perfusion images. The ASL images were upsampled to
the same resolution as the T1-weighted images using trilin-
ear interpolation.

CBF Normalization

The CBF images were also normalized in order to com-
pensate for intersubject and intersession mean perfusion
variations. For each subject in the control group, the mean
perfusion was measured over all pixels with GM probabil-
ity exceeding 50%. The CBF images were normalized by
the subject’s mean GM perfusion. For each subject in the
functional group, the mean CBF value used for intensity
normalization was taken from the off-phase, reflecting the
mean perfusion of the subject at rest. The mean CBF of
both groups was measured for a common region in the
spatially normalized data where the slices were fully
acquired for all subjects. The images from the on-phase
were taken and used to create the activated CBF maps.

Template Construction

The templates were created by computing the mean and
standard deviation over the normalized CBF maps for the
control group of 25 subjects.

Four different perfusion templates were created using
combinations of the previously described methods:

• Template 1—MNI: perfusion images were spatially
normalized to the MNI305 template;

• Template 2—MNIþPVEc: MNI normalization and par-
tial volume correction;

• Template 3—DARTEL: perfusion images were spa-
tially normalized to the stereotactic space using DAR-
TEL registration;

• Template 4—DARTELþPVEc: DARTEL normalization
and partial volume correction.

Preprocessing of Functional Group Images

Functional group image preprocessing steps were per-
formed identically to the control group image preprocess-
ing. An additional preprocessing step was performed on
functional ASL data to minimize the BOLD effect and its
influence on the size of activated areas and CBF
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quantification [Lu et al., 2006]. The surround subtraction
strategy was used to resample the interleaved control and
labeled ASL images. Thus, control and label images corre-
sponding to the same time point and therefore containing
an identical BOLD signal were subtracted before comput-
ing the perfusion weighted images [Liu and Wong, 2005;
Lu et al., 2006].

CBF Quantification Evaluation

The average gray matter CBF of each group was meas-
ured in the MNI stereotactic space over all GM pixels of
the whole acquired volume. Only the off-phase was con-
sidered for the functional group to exclude the activation
from the comparison. The mean perfusion over the motor
areas (see section ‘‘Activation detection’’) on the MNI spa-
tially normalized data was measured for the functional
group. Two measurements were performed where the
images from the on-phase and off-phase were considered
separately in order to assess the difference in blood flow
caused by the motor task.

Template Comparison

To quantitatively assess the quality of the template con-
struction framework, we performed a leave-one-out cross-
correlation by inversely transforming the template to align
it with the perfusion image of each subject. For each sub-
ject of the control group, the corresponding perfusion
image was excluded from the template and only the 24
remaining subjects were used. The root mean squared
error (RMS) between the template and the perfusion image
was calculated for each subject. Subsequently for each
template, the mean RMS error over the 25 subjects was
calculated. For this comparison only, the two lowest slices,
presenting numerous artifacts, were excluded from the
analysis for all subjects. Also, the top slice was discarded
because the brain coverage after normalization was not the
same for all subjects due to different brain dimensions.

Activation Detection: Template Versus

GLM Comparison

First, we computed the motor task-related activated areas
from the block-design functional data using the standard
GLM analysis implemented in SPM after spatial smoothing
with a 6-mm FWHM Gaussian filter. The statistical signifi-
cance was P < 0.05 (family-wise error correction) and the
threshold on cluster size was 250 mm3. Detected clusters in
the primary and supplementary motor areas were assumed
to be the ground truth. The GLM analysis was performed
on the functional group on individual subjects as well as at
the group level spatially normalized either to the MNI tem-
plate or using DARTEL registration.

The on-phase images of the functional group were inten-
sity normalized to create the activated CBF images reflect-

ing subject perfusion during motor activation. These
activated CBF images were compared at the individual
level to each of the four perfusion templates and the
Z-score was used to identify the areas of hyperperfusion. A
similar approach was used at the group level. The mean of
the on-phase CBF images over all the subjects of the func-
tional group was compared with the perfusion templates to
detect the areas of hyperperfusion at the group level.

The individual and group-level activated areas detected
using the standard GLM analysis (FWE P < 0.05) were used
as a ground truth and compared with the template-detected
hyperperfusion areas. The true positive ratio was computed
as a percentage of the template detected area size over the
ground-truth (GLM-analysis) region size. Any voxel
detected as hyperperfused outside of the ground-truth
region within a maximum distance of 25 mm from the bor-
der of the ground-truth region was considered as false posi-
tive. The false positive ratio was computed as the area of all
false positives divided by the size of the area where the false
positives were considered. The receiver operating character-
istic (ROC) curve was computed showing the true positive
ratios of the detection as a function of the false positive ratio
from 0 to 100%. The templates were compared using the
area under the curve (AUC) parameter computed from the
ROC curve for each template. The mean Z score over the
ground-truth region was evaluated for all four templates at
the individual and at the group level.

Dysplasia Detection

A 14-year-old drug resistant epileptic female patient pre-
senting a right temporal dysplasia, which is a recognized
cause of epilepsy, was also included to assess the potential
for clinical use of the presented method. The 3D MPRAGE
T1-weighted and PASL perfusion images were acquired
with the same parameters as for the control group. The
repetition and echo time of the PASL acquisition was TR/
TE ¼ 3,000/18 ms. For clinical screening T2-weighted
images were also acquired.

A T1-w voxel-based morphometry (VBM) analysis was
used to automatically identify abnormalities [Bannier
et al., 2012; Huppertz et al., 2008; Wilke et al., 2003]. The
VBM results were validated based on the T1-weighted and
T2-weighted images by a neuroradiologist and a neurolo-
gist. The template-comparison with the four templates was
used to detect hypoperfused regions with Z-score > 2.

RESULTS

CBF Quantification Evaluation

The average CBF measured for the entire GM of the spa-
tially normalized data was 49.8 � 12.9 ml/100 g/min for
the control group and 54.1 � 8.4 ml/100 g/min for the
functional group. The difference was not significant, P ¼
0.11. In the functional group, the average CBF measured
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on the activated primary and supplementary motor area
was 53.8 � 13.4 ml/100 g/min during the off-phase and
79.2 � 13.6 ml/100 g/min during the on-phase. The differ-
ence was significant (P < 0.0001).

Template Evaluation

Mean RMS error was respectively 16.6, 16.7, 16.2, and
16.2 ml/100 g/min for templates MNI, MNIþPVEc, DAR-
TEL, and DARTELþPVEc. The difference between the

MNI and DARTEL/DARTELþPVEc was significant (P <
0.05). Figure 1 shows the comparison of the four ASL tem-
plates with a single-subject T1-weighted image. The GM
structures were blurred in particular in posterior regions
and in coronal direction. Using PVE correction method,
this blurring effect decreased, especially in DARTELþ
PVEc template. Figure 2 shows the same aspects on sub-
sampled templates on a single-subject CBF map.

Activation Detection: Template Versus

GLM Comparison

Template activation detection enabled detection of both
primary and supplementary motor areas in all subjects
from the functional group. However, in two subjects the
supplementary motor area was not detected using the
GLM method.

The ROC curves are given in Figure 3. At maximum, the
true positive ratio of the MNI template was 7.6, 4.6, and
9.6% lower than the true positive ratio of the MNIþPVEc,
DARTEL, and DARTELþPVEc template, respectively, at
the individual level. At the group level, the true positive ra-
tio of the MNI template was higher than the ratio of the
MNIþPVEc in all cases and at maximum it was 9.6 and
8.1% lower than the true positive ratio of the DARTEL and
DARTELþPVEc template, respectively. The AUC was 0.81,
0.84, 0.82, and 0.84 for the MNI, MNIþPVEc, DARTEL, and
DARTELþPVEc template, respectively, at the individual
level and 0.85, 0.8, 0.87, and 0.87, respectively, at the group
level. The detected areas for a single subject from the func-
tional group are shown in Figure 4. Figure 5 shows the

Figure 2.

Individual-subject perfusion image and reconstruction from the

template. CBF map of the first subject of the control group (A).

Templates MNI (B), MNIþPVEc (C), DARTEL (D), DARTELþP-

VEc (E) were coregistered with the image (A) and subsampled

to the same resolution in order to show comparison of the per-

fusion template and individual subject perfusion (B–E).

Figure 1.

Templates–axial slice. The four templates were compared with

the anatomical image in axial (A–F) and coronal slices (G–L).

T1-weighted image of the first subject (A,G); mean GM segmen-

tation of all subjects (B,H); perfusion templates MNI (C,I);

MNIþPVEc (D,J); DARTEL (E,K) and DARTELþPVEc (F,L). The

GM structures were blurred in (D,E) and particularly in (C).

Because of the low resolution in the axial direction, the blurring

is important in coronal direction as a result of interpolation, in

particular for templates MNI (C) and DARTEL (E). The partial

volume correction methods reduced these artifacts as shown in

(D) and especially in DARTELþPVEc template (F). The same

blurring can be observed in coronal images (I–K) and its reduc-

tion is shown in for DARTELþPVEc (L). Note that only 9 ASL

slices of thickness 7 mm were acquired. Therefore, the perfu-

sion templates did not cover the whole brain.
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group template detection overlaid over the ground-truth
data obtained using the standard GLM model. The average
Z score over the whole ground-truth region was 1.12, 1.15,
1.24, and 1.37 at the individual level and 1.09, 1.0, 1.42, and
1.6 at the group level for the MNI, MNIþPVEc, DARTEL,
and DARTELþPVEc template, respectively.

Dysplasia Detection

Two areas of hypoperfusion and one area of hyperperfu-
sion were detected in the epileptic patient using the DAR-
TELþPVEc template, see Figure 6. The hypoperfusion in
temporal gray matter (Fig. 6A) corresponded to the mor-
phological findings. The center of gravity of this hypoper-
fused region was located at 1.5 mm distance from the
position of the lesion detected by VBM. The hyperperfusion
in thalamus (Fig. 6B) and the hypoperfusion (Fig. 6C) in the
frontal gray matter are not directly related to the disease
and, thus, can be regarded as false-positives in the sense of
dysplasia detection. The other three templates (MNI,
MNIþPVEc and DARTEL) detected with the same Z score
threshold only the area of hypoperfusion in the frontal gray
matter. The average Z score computed over the area of the
detected temporal lesion was 1.9, 1.8, 2, and 2.5 for MNI,
MNIþPVEc, DARTEL, and DARTELþPVEc, respectively.

DISCUSSION

This study shows that an ASL template approach can
detect individual and group hyperperfusions induced by
motor tasks. Using DARTEL and partial volume correction
in the template construction increased the accuracy of the
hyperperfusion detection.

The average GM CBF of the control and functional
group was 49.8 � 12.9 and 54.1 � 8.4 ml/100 g/min,
respectively. Results for both groups are slightly higher

than the mean CBF 47.4 � 7.5 ml/100 g/min reported in
the multi-center study by Petersen et al. [2010], though the
difference is negligible with respect to the reported var-
iance. Although pulsed ASL with similar labeling and
bolus saturation was used in both studies, a single-TI was

Figure 4.

Functional ASL results on an individual subject. Axial slice of a

T1-weighted image (A); ASL image (B); activated areas obtained

using a standard GLM model (C); Hyperperfusion regions

detected with the use of template DARTELþPVEc (D). [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 3.

Hyperperfusion detection compared with the ground truth. The true positive versus false posi-

tive ratio is shown for the four templates on individual images (left) and on group data (right).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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used in the present study and a multi-TI with model-free
quantification was used in the multicenter study. The two
types of quantification can bring different results, as for

example the bolus arrival time is not estimated for the sin-
gle-TI data. The model-free method was reported to give
lower CBF values than a standard fit to a general kinetic
model [Ho et al., 2010], which is more similar to the CBF
quantification model, used in this study and can explain
the difference in CBF. The difference between the individ-
ual mean values of CBF was also reported on the same
study, with values varying from 39.3 to 52.7 ml/100 g/min
[Petersen et al., 2010]. A significant increase in CBF was
shown in the motor areas of the functional group between
the off- and on-phase. This showed the modifications of
local hemodynamics induced by the neuronal activity dur-
ing the motor task. The detection of increased CBF induced
by neuronal activity using ASL was already described by
Aslan and Lu [2010]. The 47% average increase of CBF was
measured in accordance with the literature findings that
range from 40 to 100% [Garraux et al., 2005; Raoult et al.,
2011; Wang et al., 2003] and largely depending on the selec-
tion of the region to be measured. It was slightly higher
than the 35% CBF increase in motor-
visual task reported by Borogovac et al. [2010].

Four templates were built and compared. Compared to
MNI registration, DARTEL registration improved the per-
fusion contrast border between WM and GM. The reason
is that DARTEL registration iteratively realigns the images
of the studied group with their mean using a transforma-
tion that is less restricted than the one used in SPM to
align with the MNI template. The result showed more pre-
cise alignment of the structural T1-weighted images. It
subsequently positively affected the quality of the perfu-
sion template as can be seen from the comparison of the
low-resolution perfusion images with their counterpart
generated using the template. The true positive activation
detection was likewise increased for both individual and
group comparison. PVE correction used with DARTEL
registration reduced the interpolation artifact effect by

Figure 5.

Hyperperfusion detection vs. activation detection using the

standard GLM model. The results are compared for the four dif-

ferent templates MNI (A), MNIþPVEc (B), DARTEL (C), and

DARTELþPVEc (D). The ground-truth region is in green and

the activated region detected by comparison with the template

is in red. Therefore, the purple region displays true positives

and the red region false positives. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6.

Results on the epileptic patient. The hypoperfusion (A, C) and hyperperfusion (B) areas

detected using the DARTELþPVEc template is shown. The area in (A) is the lesion which was

also detected using the VBM on the T1-weighted images. The areas in (B) and (C) are false posi-

tive in the sense that they were not detected as the regions of dysplasia. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

r Petr et al. r

r 1186 r



using the segmented T1-weighted information which has
significantly higher resolution than ASL images, thus
allowing better localization of the perfusion sources. The
outcome is mainly visible in the coronal-direction where
the ASL resolution is the poorest. This should be especially
useful in limiting false positive detection of hyperperfusion
in white matter. The positive effect of PVE correction on
true positive detection was 2.5% when using MNI normal-
ization and 2.9% when using DARTEL normalization at the
individual level. At the group level, the PVE correction for
MNI normalization even decreased the true positive ratio
as the MNI alignment precision is limited.

Although DARTELþPVEc template showed increased
detection and less interpolation artifacts during the spatial
normalization, the PVE correction itself can smooth the CBF
data by using regression on a 3 � 3 � 1 neighborhood. Liang
et al. [2012] has recently presented a modified least trimmed
square method for partial volume correction to reduce the
blurring during the regression. Also a novel method for PV
ratios determination using Look-Locker sequences was pro-
posed [Petr et al., 2013]. Both these methods can potentially
further increase the detection power. The comparison of the
template detection with the GLM analysis should be taken as
an indicator of the possible detection power of the template
and comparison to a gold standard rather than a universal
proof. The reason being, that the GLM analysis itself can con-
tain errors. The chosen threshold 0.05 FWE can create false-
negatives in the GLM analysis and, thus, wrongly increase the
false-positive ratio in the template detection. However, we
assume that the errors in the GLM analysis are relatively small
compared to the template detection and thus will not have
severe effect on the relative comparison of different templates.

Following the results of Aslan and Lu [2010], the CBF of
each subject was intensity normalized using the mean
whole-brain perfusion prior to creating the template. The
intensity normalization compensates for different mean
subject perfusion levels and thus improves the quality of
activation detection [Aslan and Lu, 2010]. Although the in-
tensity-normalized data were used for inter-subject com-
parison, the CBF quantification step [Eq. (1)] is a necessary
part of the template construction process. The reason is
that the B1-field inhomogeneity bias is partially attenuated
by using a value of M0T extracted from a control image
with longer TR. Using raw perfusion weighted images
would result in decreased quality of the results.

Both our control and activation groups were composed of
young subjects. A global decrease of GM CBF of around
30% was reported in elderly population [Ances et al., 2009;
Reston et al., 2007]. Brain tissue atrophy is often seen in el-
derly population making the GM structures thinner. This
increases the negative effect of partial volume and can
decrease the overall perfusion if the PVE-correction is not
applied. It was shown by Asllani et al. [2009] that by using
an improved processing with PVE correction, the age-related
CBF difference was decreased to 15%. As no regional
decrease in healthy elderly subjects was demonstrated, we
think that the presented method will work similarly in el-

derly subjects making the added value of DARTELþPVEc
even more pronounced. However, despite the intensity
normalization, use of the young subject’s template to detect
perfusion abnormalities needs to be evaluated.

Apart from functional MRI, the potential fields of applica-
tion of the presented method are diseases presenting impor-
tant regional increase/decrease of blood flow. The main
constraint is the ability to obtain precise GM/WM segmenta-
tion of the whole brain and particularly of the region of in-
terest. The method should, however, be applicable to
diseases where the structure is unchanged or only affected
by atrophy as for example Alzheimer and Parkinson
patients, psychiatric or neuro-developmental diseases. The
changes in perfusion in those patients are usually well local-
ized and thus will not disrupt the spatial nor intensity nor-
malization. Perfusion related changes have already been
reported using ASL in Alzheimer patients [Alexopoulos
et al., 2012; Asllani et al., 2008b] and Parkinson patients [Fer-
nández-Seara et al., 2012; Melzer et al., 2011]. In these stud-
ies, no ground truth was available to validate different types
of detection of perfusion changes. The approach presented
here should be applicable to the same type of diseases as
well. The positive effects of DARTEL and PVE correction
validated with a gold-standard ground truth should further
improve the precision of the stated methods. Lesion detec-
tion was demonstrated on a single epileptic patient. The
DARTELþPVEc template provided the best results, as it
was the only one of the four templates that revealed the
lesion at given Z-score threshold while the average Z score
over the lesion was too low for the other three templates.
Although two areas of hypo- and hyperperfusion were
detected as well, they were distinct from the lesion and their
signification remains to be investigated. In this exploratory
case, we did not compare the results to other perfusion tech-
nique but only to the morphological pattern.

As the main focus was the motor cortex, a dataset with
limited coverage was acquired. It should be noted that a
whole-brain coverage would be essential for the aforemen-
tioned clinical applications. Acquiring ASL data with
whole-brain coverage is now feasible using different acqui-
sition techniques, in particular using 3D acquisition
scheme, at different field strengths [Gai et al., 2011; Ghariq
et al., 2012]. The template methodology remains the same
for the whole-brain images.

In conclusion, we have shown that the individual and
group motor-task related hyperperfusion can be detected by
comparison with a template based on normal controls and
the results are in concordance with standard block-design
ASL experiments. The advantage of using DARTEL registra-
tion and PVE-correction for improving both template quality
and accuracy of hyperperfusion was demonstrated.
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